Models of speciation by sexual selection propose that male-female coevolution leads to the rapid evolution of behavioural reproductive isolation. Here, we compare the strength of behavioural isolation to ecological isolation, gametic incompatibility and hybrid inviability in a group of dichromatic stream fishes. In addition, we examine whether any of these individual barriers, or a combined measure of total isolation, is predicted by body shape differences, male colour differences, environmental differences or genetic distance. Behavioural isolation reaches the highest values of any barrier and is significantly greater than ecological isolation. No individual reproductive barrier is associated with any of the predictor variables. However, marginally significant relationships between male colour and body shape differences with ecological and behavioural isolation are discussed. Differences in male colour and body shape predict total reproductive isolation between species; hierarchical partitioning of these two variables' effects suggests a stronger role for male colour differences. Together, these results suggest an important role for divergent sexual selection in darter speciation but raise new questions about the mechanisms of sexual selection at play and the role of male nuptial ornaments.
Introduction
Reproductive isolation, the reduction of gene flow between populations due to intrinsic differences between populations or species, plays an important role in maintaining biological diversity (Coyne & Orr, 2004) . Reproductive barriers are the mechanisms by which gene flow is reduced and are generally classified according to when during the mating process they inhibit gene flow. Premating barriers occur prior to mating and include ecological isolation, behavioural (sexual) isolation and mechanical isolation. Post-mating-prezygotic barriers occur after mating but prior to fertilization and include gametic incompatibility and conspecific sperm precedence. Post-zygotic barriers occur after fertilization and reduce the fitness of the ensuing zygote; they include hybrid inviability and hybrid sterility.
The relative contribution of each of these barriers to reducing gene flow is a central question in speciation research (Marie Curie Speciation Network, 2012) , in part because it can reveal evolutionary mechanisms underlying the speciation process. For example, speciation by sexual selection predicts strong behavioural isolation, as divergence in female mate preferences leads to changes in male traits and eventually behavioural isolation between populations (Fisher, 1930; Lande, 1981; West-Eberhard, 1983; Panhuis et al., 2001) . Divergent, ecologically based selection can facilitate the evolution of ecological isolation, including differences in habitat preferences (habitat isolation) or breeding phenology (temporal isolation) (Schluter, 2001; Rundle & Nosil, 2005; Nosil, 2012) . Finally, the accumulation of Dobzhansky-Muller epistatic incompatibilities can result in any form of reproductive isolation but has been implicated especially in post-zygotic isolation (Orr, 1995; Orr & Turelli, 2001) .
Darters are North American freshwater fish characterized by striking diversity in male secondary sexual ornaments, suggesting speciation by sexual selection. Previous work showed that behavioural isolation is stronger than hybrid inviability across multiple species pairs (Mendelson, 2003; Mendelson et al., 2007; Williams & Mendelson, 2014) , supporting a speciation by sexual selection hypothesis. However, detailed characterization of ecological isolation and gametic incompatibilities is lacking in previous studies, so whether behavioural differences are indeed the strongest barrier to gene flow remains to be fully demonstrated.
Identifying phenotypic and ecological predictors of reproductive isolation also could help clarify the evolutionary mechanisms contributing to speciation in darters (e.g. Safran et al., 2013) . Phenotypic analyses addressing speciation mechanisms in darters are thus far equivocal. Darter species differ in male colour patterns, a trait associated with sexual selection, more so than in body shape, a trait associated with ecological adaptation in fishes (Martin & Mendelson, 2014) , suggesting a role for sexual selection in early divergence. Females in at least one species prefer one male colour variant over another, suggesting that male coloration is subject to sexual selection by female choice within species (Williams et al., 2013) . On the other hand, species differences in melanin patterning are predicted by macroenvironmental differences (Martin & Mendelson, 2012) , and the presence/absence of nuptial coloration among distantly related darter species is predicted by habitat type (Bossu & Near, 2015; Ciccotto & Mendelson, in review) , supporting a role for ecological selection in darter divergence.
Here we examine the strength of multiple reproductive barriers and potential explanatory variables across multiple pairs of species to further explore the evolutionary mechanisms facilitating darter speciation, focusing on a diverse subclade of closely related species (subgenera: Ulocentra, Nanostoma and Etheostoma s.s.). Speciation by sexual selection predicts that behavioural isolation will be the strongest barrier to gene flow and that the strength of reproductive isolation will correlate with divergence in male colour patterns. Speciation by ecological selection predicts that ecological isolation will be the strongest barrier to gene flow and that the strength of reproductive isolation will correlate with divergence in body shape and/or environmental differences. These are not mutually exclusive hypotheses. If early stages of speciation are driven by both sexual and ecological selection, we predict similar estimates of behavioural and ecological isolation and a positive correlation between reproductive isolation and differences in male colour patterns, body shape and macroenvironmental parameters.
Materials and methods

Specimen collection and care
Fish were wild-caught in February, March and April from 2010 to 2014. After collection, specimens were stored in aerated coolers and transported to UMBC. While in captivity, all fish were fed blackworms twice daily and kept in temperature-controlled recirculating aquaria under a 12 : 12 dark-light cycle. No individuals were used for manual crosses prior to being used in behavioural isolation trials. Developing clutches from manual crosses were checked daily for dead eggs and fungal growth. Any unhealthy eggs were removed. After hatching, larvae were fed live brine shrimp and banana worms twice daily until reaching appropriate body size to consume frozen bloodworms.
Species pair selection
Eight focal species pairs were chosen from three closely related subgenera of darters (Ulocentra, Nanostoma and Etheostoma s.s.; Fig. 1 ; Mendelson & Wong, 2010) commonly referred to as the snubnose darters and allies. We focus here on more closely related species than in previous studies, to track the evolution of reproductive isolation during the earliest stages of divergence. Focal species within each pair are allopatric. Species pairs are phylogenetically independent and vary in their evolutionary relatedness, having shared a most recent common ancestor between 3.69 and 18.29 mya (based on AFLP molecular clock estimates of Smith et al., 2011) . Phylogenetic independence was assessed using the phylogeny of Mendelson & Wong (2010) ; that is, branches that connect each species pair do not overlap with one another. Evolution along the branches connecting one species pair can thus be viewed as independent from evolution along other such branches (Felsenstein, 1985) . Phylogenetic independence allows the use of traditional statistical methods instead of phylogenetically corrected statistics.
Measuring reproductive barriers
Scaling barrier indices
Comparing reproductive barriers requires that they be measured on a similar scale. Several methods have been suggested (e.g. Coyne & Orr, 1989; Mendelson, 2003; Ramsey et al., 2003) . Most recently, Sobel & Chen (2014) suggest isolation indices that follow a linear formulation (eqn. 4A, Sobel & Chen, 2014) :
in which H and C are heterospecific and conspecific values (i.e. mating events, fertilization success, habitat). Here, to maintain consistency with previous work in darters, we use an algebraically identical formulation similar to Stalker (1942) and Mendelson (2003) :
These formulae result in indices of isolation that range from À1 to +1. A value of 0 indicates no isolation (i.e. no restriction in gene flow) due to the barrier of interest. Positive values indicate decreasing gene flow between species whereas negative values indicate increasing gene flow between species. All indices discussed below range from À1 to +1 and follow this interpretation.
Ecological isolation
Ecological isolation (EI) was measured during the breeding season using field observation and measurement. These data have been presented elsewhere (Martin & Mendelson, 2012) but are reanalysed here. Two 30-m transects were laid down in separate sections of the focal stream reach. Each transect was sampled by snorkelling and the location of observed individuals of the focal species were marked with a weighted flag; these are considered 'presence' points. Following observation, five environmental variables (i.e. water depth, benthic water velocity, canopy cover, distance from bank and substrate size) were measured at each presence point. Water depth and velocity were measured using a FP-111 (Global Water, Gold River, CA, USA) or Model 2100 (Swoffer Instruments, Seattle, WA, USA). Canopy cover was measured using a convex spherical densitometer (Forestry Suppliers Inc., Jackson, MS, USA). Distance from bank was analysed as a percentage of total stream width and substrate size was measured using callipers and categorized according to a modified Wentworth scale (Wentworth, 1922) into clay/silt, sand (< 1 mm), fine gravel (between 1 mm and 15 mm), gravel (between 16 mm and 63 mm), cobble (between 64 mm and 255 mm), boulder (> 256 mm) and bedrock. We used these presence points to define a range (minimum and maximum) of suitable values for each environmental parameter for each species.
Available habitat was also measured using the same 5 metrics at 20 randomly selected points along each transect; these were considered 'control' points. Potential overlap between species was estimated by determining the number of control points in habitat A that fell within the minimum and maximum range (as estimated from the presence points) of both species A and B. The same was completed for habitat B. A control point was considered to fall within the acceptable range of a species if at least 4 of the 5 metrics at that point fell within that species' presence range. Thus, a control point could be outside the range of both species, within the range of only one species ('unshared'), or within the range of both species ('shared'). The number of shared and unshared control points was determined for each habitat. Ecological isolation was then calculated as:
where h u and h s are the number of unshared and shared control points. This index, like all others, ranges from À1 to 1 with positive values indicating ecological isolation and negative values indicating ecological overlap. A value of 0 would indicate equal amounts of shared and unshared habitat.
Behavioural isolation
Behavioural isolation (BI) was estimated by staging encounters between allopatric species pairs in the laboratory. These data have been discussed previously (Martin & Mendelson, 2016) 
Gametic incompatibility
Gametic incompatibility (GI) was estimated by conducting manual crosses between focal species pairs. Four different cross types (A 9 A, A 9 B, B 9 A and B 9 B) were completed for each species pair (average = 5.1 crosses per cross type; min = 2, max = 10; Table S2 ). All fish were wild-caught. Females and males were anesthetized using tricaine methanesulfonate (MS222; Acros Organics, Geel, Belgium) prior to obtaining eggs and sperm. Sperm was squeezed out of anesthetized males, quantified using a hemocytometer (Cell-VU â ;
Millennium Sciences, Inc., NY, USA) and kept on ice until use. Eggs were squeezed from female abdomens into dry Petri dishes and immediately fertilized using a quantified volume of ejaculate containing approximately 1.0 9 10 6 sperm. After 3 min, to allow for fertilization, each Petri dish was placed in a separate 3-L aquaria (Aquatic Ecosystems, Apopka, FL, USA). Eggs were monitored hourly for 4 h and observed for development to the 4-cell stage. Eggs that reached the 4-cell stage were considered fertilized. GI was calculated as:
in which f c is the percentage of eggs fertilized in conspecific crosses and f h is the percentage of eggs fertilized in heterospecific crosses. Positive values indicate higher conspecific fertilization success whereas negative values indicate higher heterospecific fertilization success. A value of 0 indicates equal fertilization success for conspecific and heterospecific sperm.
Hybrid inviability
Hybrid inviability (HI) was assessed using the hybrid offspring resulting from GI manual crosses. Mortality for hybrids and nonhybrids was recorded during development up to hatching and an index was calculated as:
in which h c is the percentage of eggs hatched in conspecific crosses and h h is the percentage of eggs hatched in heterospecific crosses. Positive values indicate higher hatching success in conspecific offspring whereas negative values indicate higher hatching success in heterospecific offspring. A value of 0 would indicate equal hatching success in conspecific and heterospecific offspring. It is worth noting that some types of hybrid inviability could manifest later in development and therefore be missed by our index, resulting in lower estimates of HI here. These potential effects would not appear to influence our overall interpretation as significant differences were not observed between BI and HI (see Results).
Total isolation
Reproductive barriers were used to calculate total isolation between species pairs. First, the absolute contribution (AC) of each barrier was calculated according to Ramsey et al. (2003; eqn. 4) :
The absolute contribution takes the order in which each barrier occurs during the life history of an organism into account. For example, behavioural isolation (BI) acts earlier than hybrid inviability (HI) and thus could restrict a larger share of gene flow than raw index numbers suggest. Absolute contributions are used to calculate total isolation across m barriers (eqn. 5; Ramsey et al., 2003) :
where AC i is the absolute contribution of the ith barrier. Total reproductive isolation ranges from À1 to +1 like other indices, indicating either gene flow primarily between species (negative values), gene flow primarily within species (positive values) or equal amounts of gene flow within and between species (a value of zero).
Quantifying explanatory variables
Divergence in male colour patterns These methods have been described in more detail elsewhere Martin & Mendelson, 2014) , and data were published previously (Martin & Mendelson, 2014) but are used again here. Briefly, colour differences between species were estimated using colour calibrated digital photographs (e.g. Stevens et al., 2007) using visual system-dependent measurements (e.g. Pike, 2011) . Specimens (n = 192) were photographed using a PowerShot A650 IS (Canon USA, Inc., Lake Success, NY, USA) after brief fixation in 10% formalin. Camera settings were kept constant across specimens and the internal camera white balance was ignored. Each image included a Mini ColorChecker chart (X-Rite, Inc., Grand Rapids, MI, USA) for colour calibration and was taken in the RAW camera format using the CHDK toolkit (available at: http:// chdk.wikia.com/wiki/Downloads). The numerical colour values in digital images (i.e. R, G and B values) were converted into darter-specific colour values that more accurately represented biologically relevant colour differences (e.g. Pike, 2011; Ligon & McGraw, 2013) . Converted images were then imported into ArcGIS and sampled on the body, first dorsal fin, and anal fin (Fig. S1a) resulting in a data set of 42 variables that described colour patterns. Following similar methods to Arnegard et al. (2010) , we reduced the number of variables in this data set (i.e. 42 variables describing colour) using principal components analysis (i.e. 42 to 8), compared these values between species using canonical variates analysis, and finally producing a single estimate of colour differences between species using Mahalanobis D. Mahalanobis D provides a standardized measure of difference between two sets of points that accounts for the distributions of those points. In the case of normally distributed data sets, the D scalar approximates a z-score. A single D value was calculated for each focal species pair with larger numbers indicating larger differences in colour differences.
Divergence in body shape
These methods also have been described in more detail and data published previously (Martin & Mendelson, 2014) . Body shape differences between species were assessed using geometric morphometrics. Digital photographs of specimens (n = 434) and tpsDig2 (version 2.16, available at: http://life.bio.sunysb.edu/morph/softdataacq.html) were used to digitize ten homologous landmarks across all individuals (Fig. S1b) . The digitized landmarks were imported into the Paleontological Statistics software package (PAST, version 2.15, Hammer et al., 2001, available at: http://nhm2.uio.no/norlex/past/download.html). Landmark data were first corrected for specimen bending as is common after formalin fixation using the method described by (Valentin et al., 2008) as implemented in PAST. Relative warps analysis was then used to reduce the number of variables describing shape (i.e. 20 to 9), followed by species comparison using canonical variates analysis. Finally, we calculated Mahalanobis D as an estimate of body shape differences for each species pair.
Differences in the ecological environment
Environmental differences at the landscape scale, hereafter macroenvironmental differences, were assessed using climatic and geographic variables, including elevation, slope, flow accumulation (i.e. how much area drains water to a given point), average annual temperature, temperature during the warmest month, temperature during the coldest month, annual precipitation, precipitation during the wettest month and precipitation during the driest month. These variables were chosen as they not only influence water temperature (i.e. elevation and temperature variables) or water flow (i.e. slope, flow accumulation and precipitation variables) at a given point, but also represent the most extreme fluctuations in these conditions (i.e. temperature and precipitation during the warmest/coldest and wettest/driest month). All variables except slope and flow accumulation are part of the WorldClim data set (available at http://www.worldclim.org/current). Flow accumulation and slope were estimated from the elevation data set using ArcGIS (ver. 9.3; ESRI, Redlands, CA, USA). Similar to Martin & Mendelson (2012) , published range maps for each species (Etnier & Starnes, 1993; Page & Burr, 2011) were digitized according to hydrologic basins and sampling points were generated every kilometre along streams within each hydrologic basin. Climatic and geographic variables were sampled in ArcGIS at each sampling point for each species. These values comprise the macroenvironmental parameters data set. Principal components analysis (PCA) was used to simplify this data set and to account for any redundancy in our environmental measures and Mahalanobis D was used to compute an index of difference for each species pair.
Genetic distance
Genetic relatedness could explain many of the differences observed between species and is thus included in our statistical model as a potential explanatory variable for reproductive isolation. Estimates of genetic distance are based on amplified fragment length polymorphisms (AFLPs), which have proven to be an informative measure of genetic relatedness in darters (Smith et al., 2011; Martin & Mendelson, 2012; Smith et al., 2014 ; but see Near & Keck, 2012) , and specifically among our focal group of closely related darters (Mendelson & Wong, 2010) . Genetic distance was calculated from Mendelson & Wong (2010) using the Nei-Li equation as implemented in PAUP* (Swofford, 2004) .
Statistical analysis
First, to test whether one barrier is consistently higher than other barriers in allopatric darter species pairs, index values (both raw values and absolute contribution values) were compared using a Friedman test with Wilcoxon post hoc pairwise comparisons. The Friedman test takes into account species pair identity and thus allows us to examine whether any barrier is consistently higher than others across the spectrum of divergence, not simply whether or not EI is on average larger than GI. Correlations among the barriers were assessed using nonparametric partial Spearman correlation coefficients to account for small sample sizes and the potential confounding effects of genetic distance. Alpha values are sequentially Bonferroni-corrected for multiple comparisons. Finally, the potential contributions of male colour difference, body shape differences, macroenvironmental differences and genetic differences were assessed using generalized linear models (GLMs). A GLM with Gaussian error distribution and identity link function was estimated for each barrier individually and also for total isolation. As the GLM for total isolation was the only model with significant predictor variables, an analysis of deviance was used to test overall model significance.
Relative importance of each explanatory variable to the GLM was assessed using hierarchical partitioning (Chevan & Sutherland, 1991; Mac Nally, 2002) . Hierarchical partitioning assesses the importance of a single predictor variable by first evaluating model improvement by including the variable in all possible combinations (i.e. A + B, A + C, A + D, A + B + C, A + B + D, etc.. Then, model improvement is partitioned by first-order (i.e. A + B, A + C, A + D) and higher-order models and allows the computation of explanatory power that is independent of other predictor variables (I), and explanatory power that could be due to joint effects with other variables. Significance of these relative importance scores was assessed using a bootstrapping procedure (n = 1000) during which the values of all predictor variables are randomized and relative importance is calculated. Differences in the observed relative importance scores and bootstrapped relative importance score distributions were assessed using a z-test. The relative importance scores can be interpreted as effect sizes and are reported here as R 2 values. Principal component analysis of macroenvironmental data was carried out in PAST (Hammer et al., 2001) . All other statistical tests were carried out in R (R Core Development Team, 2014). We used the pairwise.mahalanobis() function in the 'HDMD' package to calculate Mahalanobis D values. D values were calculated for all pairwise comparisons but only those pertaining to our focal species are reported here. The Friedman test was implemented using the friedman.test() function in the 'stats' package, and post hoc tests were implemented using the posthoc.friedman.nemenyi.test() function in the 'PMCMR' package. GLMs were estimated using the glm() function in the 'stats' package. Analysis of deviance on the null and full models of total isolation was completed using the ANOVA() function in the 'stats' package. Variable importance and significance was assessed using the hier.part() and rand.hp() functions in the 'hier.part' package (available at: https://cran.rproject.org/web/packages/hier.part/index .html).
Results
Raw isolation indices and absolute contributions for each barrier, total reproductive isolation, as well as measures of body shape differences, male colour differences, macroenvironmental differences and genetic distance are summarized in Tables 1 and 2 and Fig. 2 . Principal components analysis (PCA) of landscape scale environmental differences reveals three principal components (PC) with an eigenvalue > 1.0 that cumulatively explain 81.10% of the variation in the data set (Fig. 3) . The first PC (48.51% of variation explained) largely corresponds to temperature and geographic variation describing warmer habitats with positive values and higher elevation, higher gradient habitats with negative values. The second PC (21.42% of variation explained) largely corresponds to precipitation variation describing wetter habitats with positive values.
Friedman tests reveal significant differences among reproductive barrier strengths across species pairs regardless of whether raw values or absolute contributions are analysed (v 2 = 14.55, d.f .= 3, P = 0.002 for both tests). Post hoc pairwise comparisons suggest that behavioural isolation (BI; raw values: P = 0.0105, absolute values: P = 0.006) and hybrid inviability (HI; raw values: P = 0.006, absolute values: P = 0.0105) are larger than ecological isolation (EI). Although BI reaches higher values than all other barriers, no significant differences were detected between BI and GI or HI. A significant negative correlation was observed between BI and HI ( Fig. 4b ; F 1,6 = 19.73, P = 0.004).
Results from GLMs are summarized in Table 3 and Figs 5 and 6. P-values presented in Table 3 indicate whether or not the predictor variable explains a significant portion of variation in the data set. Bivariate relationships between measures of isolation are displayed in Fig. 5 , and the same relationships for total isolation are displayed in Fig. 6 . Both BSD (P = 0.049) and MCD (P = 0.034) were positively associated with levels of total reproductive isolation between species (Table 3, Fig. 6 ). However, relative importance analysis via permutation suggests that the effect size of male colour differences in relation to total isolation is significantly better than random (z-score = 1.90, P = 0.029), whereas the effect size of body shape differences is not (z-score = 0.77, P = 0.22), consistent with a hypothesis of speciation by sexual selection. Marginally significant effects were observed between EI and male colour differences (MCD; P = 0.072), and between BI and body shape differences (BSD; P = 0.053) and MCD (P = 0.063) as well (Table 3 , Fig. 5 ). Macroenvironmental differences (MAED; P = 0.076) and genetic distance (GD; P = 0.082) also had marginally significant, negative effects on total isolation. Analysis of deviance suggests the full GLM provides a significantly better fit than the null model (v 2 = 0.14, d.f. = 4, P = 0.001). In sum, male colour and body shape differences both significantly predicted total reproductive isolation; however, post hoc analyses suggest male colour difference is the better predictor. Marginally significant relationships between predictor variables and individual reproductive barriers are discussed below. 
Discussion
Our results corroborate earlier studies that suggest sexual selection has played a role in the evolution of reproductive isolation in darters. Unlike previous studies that span the darter phylogeny to include more distantly related species (e.g. Mendelson, 2003; Mendelson et al., 2007; Williams & Mendelson, 2014) , our analysis focused on species pairs within a closely related monophyletic group, allowing us to better dissect the earliest stages of divergence. Behavioural isolation (BI) among the focal species pairs reaches a higher level than any other barrier, and it is significantly greater than ecological isolation (EI). We also show that differences in male colour patterns are associated with levels of total reproductive isolation, whereas differences in body shape, macroenvironmental differences and genetic distance are not. Taken together, these results suggest that sexual selection contributes more than ecological selection to the early stages of speciation in darters. Ecological isolation (EI) was the weakest reproductive barrier measured, consistent with other lines of evidence. Closely related darter species are known to occupy very similar habitats (Page & Swofford, 1984; Page & Burr, 2011) . Darters also appear to be 
opportunistic feeders with minimal partitioning of food resources (Matthews et al., 1982; van Snik Gray et al., 1997) , and exhibit less variation in trophic morphology compared to clades of comparable diversity, with closely related species often indistinguishable in characteristics of the oral jaw (Carlson & Wainwright, 2010) . Differences in body shape, a phenotype associated with habitat use (Page & Swofford, 1984; Guill et al., 2003; Funk et al., 2006) , are also minimal across the recently diverged focal darter group (Martin & Mendelson, 2014) . These patterns, along with our results, suggest that closely related darters may still exhibit strong behavioural isolation despite minimal ecological divergence. Our data nonetheless do not rule out a role of ecological selection in darter speciation. Distantly related species (i.e. members of different genera and subgenera) exhibit distinct microhabitat preferences. Microhabitat partitioning among darter species generally occurs along a few environmental axes such as water velocity, water depth and substrate size (Carlson & Wainwright, 2010) . Body shape is associated with these different habitat types; species favouring fastmoving riffles are larger and have relatively deeper bodies and longer dorsal fins than species favouring slow pools (Page & Swofford, 1984) . In addition, dis- 
2 9 ( 2 0 1 6 ) 6 7 6 -6 8 9tantly related species that occupy similar habitats are more similar to one another morphologically than they are to close relatives, suggesting convergent evolution and ecological adaptation (Page & Swofford, 1984) . A recent study also demonstrates that the presence of male nuptial colour (i.e. whether a darter species is chromatic or achromatic) is predicted by ecological differences (Ciccotto & Mendelson, in review) , and another demonstrates that sexual dichromatism (the degree to which males and females differ in coloration) in darters is associated with microhabitat preferences in darters (i.e. swimming along the bottom vs. swimming in the water column; Bossu & Near, 2015) . Again, however, these differences in habitat preferences, body shape and the presence or absence of male nuptial colour are manifest at the subgeneric level rather than the species level, whereas male nuptial coloration is clearly differentiated within subgenera (e.g. Martin & Mendelson, 2014) . These patterns suggest that ecological selection may have contributed to a relatively small number of ancient speciation events, whereas sexual selection may help explain the more recent explosive diversity within clades (as in Danley & Kocher, 2001) . 
Unlike previous studies (Mendelson, 2003; Mendelson et al., 2007; Williams & Mendelson, 2014) , we did not find a statistically significant difference between estimates of BI and either gametic incompatibility (GI) or hybrid inviability (HI). This is likely a result of examining species pairs in earlier stages of divergence, during which behavioural isolation is largely incomplete. No species pair appears to have evolved complete behavioural isolation, and only half exhibit a BI index > 0.2. By comparison, however, GI and HI indices for all species pairs are < 0.2. This discrepancy across studies could also suggest that behavioural isolation increases continually during divergence whereas gametic incompatibility and hybrid inviability stagnate after some initial increases. That idea is consistent with both longstanding and more recent data on hybridization in darters showing that even distantly related species of darters produce viable zygotes in vitro (Hubbs & Strawn, 1957; Hubbs, 1959; Mendelson, 2003; Mendelson et al., 2007; Williams & Mendelson, 2014) . Hybridization between closely related sympatric darters is not uncommon (Keck & Near, 2009 ), but many distantly related, sympatric darter species are fully reproductively isolated. Characterizing the contributions of multiple reproductive barriers in these fully isolated species pairs could further clarify the evolutionary dynamics of postzygotic isolation in darters (e.g. Mendelson et al., 2007; Williams & Mendelson, 2014) . Notably, even though HI indices are weak across our focal species pairs, they are significantly greater than estimates of EI, further arguing against a major role for ecological selection in early stages of darter speciation.
In contrast to our results, Funk et al. (2006) found a positive correlation between total reproductive isolation and habitat and body size differences in a meta-analysis of a diverse set of taxa that included darters, supporting a role for ecological divergence in speciation and reproductive isolation. This discrepancy likely arises for three reasons. First, our measures of ecological divergence differ substantially, making comparisons across data sets difficult; Funk et al. (2006) use field guide accounts and body size to characterize ecological divergence in darters, whereas we use spatial climate data and body shape differences. Funk et al. (2006) also examined more distantly related species pairs -the same pairs used in Mendelson (2003) that displayed much higher values of BI. As noted above, ecological selection may have played a role in more ancient speciation events, perhaps allowing a pattern to emerge at more macroevolutionary scales. Finally, the positive correlation between ecological differences and reproductive isolation observed by Funk et al. (2006) for darters was highly sensitive to phylogenetic correction (i.e. the corrected data set yielded a negative correlation), so results of their meta-analysis may reflect a broader taxonomic pattern that was only weakly exhibited by darters.
We also examined correlations between indices of each barrier and found a significant, negative correlation between BI and HI. This may result from the underlying genetic architecture of each barrier. For example, loci involved in strong BI, or those in close physical linkage, may also confer weak HI. However, essentially nothing is known about the genetic basis of reproductive barriers in darters. The little known about the genetic basis of reproductive barriers in other systems (Orr, 2005; Mallet, 2006; Nosil & Schluter, 2011) gives no indication that common or linked loci are involved in any of these pairs of barriers. Nonetheless, these correlations are compelling and suggest future directions of research.
The significant, positive association we observed between differences in male colour and total reproductive isolation has potentially important implications. Traditional models of speciation by sexual selection focus on divergent female mating preferences and the evolution of behavioural isolation. Behavioural isolation is generally identified as a signature of speciation by sexual selection because an evolutionary shift in both signals and preferences is difficult to envision without variance in mating success, and it is typically modelled as the coevolution of female preferences and male ornaments (Fisher, 1930; Lande, 1981; West-EberFig. 6 Relationships between total isolation and predictor variables. , 1983; Panhuis et al., 2001; Safran et al., 2013) . The observed relationship between total isolation and male colour differences, however, suggests that divergent sexual selection, approximated here by differences in male ornaments, might result in the evolution of multiple reproductive barriers, not just behavioural isolation. Indeed, male-male competition (i.e. intrasexual selection) has been argued to promote hybrid inviability (Qvarnstr€ om et al., 2012) and ecological isolation (Vallin & Qvarnstr€ om, 2011) . Further, Martin & Mendelson (2016) found that male-male aggression between darter species decreases as male colour differences increase between species (i.e. reduced aggression between more differently coloured species), thus providing a potential link between intrasexual selection, male colour pattern differences and total reproductive isolation in darters.
Both male colour and body shape differences exhibited marginally significant, positive effects on behavioural isolation. With moderate effect sizes, these relationships could represent biologically relevant patterns, possibly indicating the multiple roles sexual selection may be playing in darter speciation. A relationship between male colour differences and behavioural isolation is consistent with a model of speciation by divergent female mate choice (Lande, 1981; West-Eberhard, 1983) , and previous work suggests female darters do have colour preferences (Williams & Mendelson, 2010 , 2011 Williams et al., 2013) . However, recent work also suggests a role for male behaviour in male colour divergence (Zhou et al., 2015; Martin & Mendelson, 2016) ; thus, a relationship between male colour differences and behavioural isolation could be a result of female behaviour, male behaviour or both. The marginally significant relationship between body shape differences and behavioural isolation also is worth noting. Male mate preferences for conspecific females appears to be as, or more important than, female preferences in behavioural isolation between darter species (Ciccotto et al., 2013; Zhou et al., 2015; Martin & Mendelson, 2016) ; body shape differences among females may act as a salient mate choice signal for male darters, leading to behavioural isolation between species. Despite these interesting biological indications, it is important to consider these conclusions carefully given our small sample sizes and the idiosyncrasies of statistical analysis.
We also found marginally significant, positive effects of male colour differences on ecological isolation. Interestingly, macroenvironmental differences and body shape differences, a typical proxy for ecological adaptation, did not exhibit the same marginally significant relationship with ecological isolation. This result may indicate a role for ecological selection in the evolution of male colour; as mentioned, environmental differences predict aspects of colour differences in distantly related darters (Bossu & Near, 2015; Ciccotto & Mendelson, in review) . This relationship does not appear among more closely related species (Martin & Mendelson, 2012) , however, and the effects here are marginally significant, so the role of ecological selection in driving male colour divergence remains a question for further research.
In sum, behavioural isolation is stronger than ecological isolation among darter species in early stages of divergence, and it reaches larger values than gametic incompatibility and hybrid inviability, suggesting a central role for sexual selection in early darter divergence. Further, differences in male colour patterns are the best predictor of total reproductive isolation when compared to body shape differences, macroenvironmental differences and genetic distance. Divergence in male coloration may be driven more by male-male competition than female choice (Martin & Mendelson, 2016) , which in turn may promote barriers other than behavioural isolation, resulting in a significant relationship between male colour differences and total isolation. These results call attention to mechanisms of speciation by sexual selection other than divergence in female preferences, and advocate a more complete characterization of speciation by sexual selection, including identifying the role of male choice, male-male competition and the contribution of sexual selection to other reproductive barriers.
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